ABSTRACT: His373 in flavocytochrome b 2 has been proposed to act as an active site base during the oxidation of lactate to pyruvate, most likely by removing the lactate hydroxyl proton. The effects of mutating this residue to glutamine have been determined to provide further insight into its role. The k cat and k cat /K lactate values for the mutant protein are 3 to 4 orders of magnitude smaller than the wild-type values, consistent with a critical role for His373. Similar effects are seen when the mutation is incorporated into the isolated flavin domain of the enzyme, narrowing the effects to lactate oxidation rather than subsequent electron transfers. The decrease of 3500-fold in the rate constant for reduction of the enzyme-bound FMN by lactate confirms this part of the reaction as that most effected by the mutation. The primary deuterium and solvent kinetic isotope effects for the mutant enzyme are significantly smaller than the wild-type values, establishing that bond cleavage steps are less rate-limiting in H373Q flavocytochrome b 2 than in the wild-type enzyme. The structure of the mutant enzyme with pyruvate bound, determined at 2.8 Å, provides a rationale for these effects. The orientation of pyruvate in the active site is altered from that seen in the wild-type enzyme. In addition, the active site residues Arg289, Asp 292, and Leu 286 have altered positions in the mutant protein. The combination of an altered active site and the small kinetic isotope effects is consistent with the slowest step in turnover being a conformational change involving a conformation in which lactate is bound unproductively.
Flavocytochrome b 2 from Saccharomyces cereVisae is a lactate dehydrogenase that catalyzes the transfer of a hydride equivalent from its hydroxy acid substrate to the enzymebound flavin and thence to proteins of the mitochondrial electron transport chain via a bound cytochrome (1) . This enzyme is the paradigm for the flavoproteins that catalyze the oxidation of R-hydroxy acids, a family of enzymes with conserved three-dimensional and active site structures found in plants, animals, and bacteria (2) (3) (4) (5) (6) (7) (8) . The two cofactors of flavocytochrome b 2 are in different domains of the protein (9) . Residues 1-99 make up the heme binding domain and resemble cytochrome b 5 in structure. Residues 100-486 contain the FMN in a TIM barrel. This flavin domain is homologous to the other R-hydroxy acid-oxidizing flavoproteins (6) and can catalyze lactate oxidation in the absence of the heme domain (10) . Figure 1 shows the arrangements of amino acids in the active site of flavocytochrome b 2 in relation to the FMN cofactor and bound pyruvate product (9) . Of the seven amino acid residues in Figure 1 , six are conserved in all members of the family to date, whereas Tyr143 is conserved in most ( Figure 2 ). Site-directed mutagenesis has confirmed the importance of several of these residues for substrate oxidation by this family of flavoproteins (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) .
The details of the mechanism by which these enzymes transfer a hydride equivalent from the R-hydroxy acid substrate to the flavin have been controversial (22) (23) (24) . Results of mechanistic studies have been interpreted as evidence for removal of the R-hydrogen both as a proton, followed by subsequent transfer of electrons, and as a hydride so that the proton and two electrons are simultaneously transferred to the flavin. A similar controversy exists for the related flavoprotein amine oxidases, for which there is accumulating support for a hydride transfer mechanism (24) (25) (26) (27) . Recently, deuterium and solvent kinetic isotope effects on wild-type flavocytochrome b 2 and the Y254F mutant enzyme led to a variation on a mechanism involving hydride transfer ( Figure 3 ) (19) . In this mechanism, His373 acts as a base to remove the hydroxyl proton of the substrate and form an alkoxide. The R-hydrogen is then transferred to the FMN as a hydride. The previous results could not distinguish whether the alkoxide is a true intermediate or whether the reaction is highly asynchronous with proton transfer essentially complete in the transition state for CH bond cleavage. The role of His373 in this proposal is different from that in which the R-hydrogen is removed as a proton to form a carbanion, where this residue is the base that abstracts the R-proton (28) .
Site-directed mutagenesis of His373 in flavocytochrome b 2 or of the corresponding residue in other members of this family of flavoproteins results in a large decrease in activity. In the case of flavocytochrome b 2 , the k cat and k cat /K m values of the mutant enzyme have been reported to be 8000-and 3500-fold lower than the wild-type values (16) . Because the K m value for lactate only changed 2-to 3-fold in the mutant protein, the low residual activity was attributed to contamination with wild-type enzyme, leading to the conclusion that the mutant enzyme is at least 10,000-fold less active than the wild-type enzyme. In the case of lactate monooxygenase from Mycobacterium smegmatis, the H290Q enzyme cannot be reduced by lactate, consistent with a decrease of 7 to 8 orders of magnitude in activity (14) . Similarly, mutation of His274 in mandelate dehydrogenase from Pseudomonas putida to glycine, alanine, or asparagine yields enzyme with no detectable activity, consistent with decreases of at least 100,000-fold (18) . Decreases in activity of this magnitude would be unexpected for the mechanism of Figure 3 , where the histidine is not involved in a rate-limiting bond cleavage. Although large decreases in the activities of the mutant proteins would be more consistent with a mechanism in which the base removes a proton from carbon in a ratelimiting step, the effects are quite large even for such a role. Consequently, we have re-examined H373Q flavocytochrome b 2 , using a combination of kinetic and structural approaches. The results of these analyses are described here.
EXPERIMENTAL PROCEDURES
Materials. Lithium L-lactate and D,L-lactate were from Sigma (St. Louis, MO). Sodium L-[2-2 H]-lactate (98%) and deuterium oxide (99.9%) were purchased from Cambridge Isotope Co., (Andover, MA). Hydroxyapatite was from BioRad Laboratories (Hercules, CA).
Enzyme Preparation. Site-directed mutagenesis of His373 to glutamine was performed following the QuikChange protocol (Stratagene) with the primers 5′-GGTGGTTC-TATCCAATCAAGGTGGTAGACAATTAGA-3′ and 5′-T C T A A T T G T C T A C C A C C T T G A T T G G A T A -GAACCACC -3′. The H373Q mutation was introduced into the genes for the wild-type enzyme in pET21d and for the flavin domain in pDSb 2 (29) . The expression and purification of the wild-type enzyme and mutant enzymes were as described previously (19, 29) . Enzyme concentrations were determined using an 423 value of 183 mM -1 cm -1 and an 413 value of 129.5 mM -1 cm -1 for the reduced and oxidized full length enzymes, respectively (30) , and an 453 value of 11.1 mM -1 cm -1 for the flavin domain (31) . Purified enzymes were stored in 100 mM potassium phosphate, 1 mM EDTA, and 20 mM D,L-lactate at pH 7.5, at -70°C.
To remove the lactate used for storage, the day of use an aliquot was precipitated with 70% ammonium sulfate in 100 mM potassium phosphate, 1 mM EDTA at pH 7.5, at 4°C
. The pellet obtained by centrifugation at 15,000g for 5 min was resuspended in 100 mM potassium phosphate and 1 mM EDTA at pH 7.5. This procedure was repeated twice. The final enzyme concentration was about 3 µM. This treatment also resulted in oxidation of the cofactors. For stopped-flow experiments, enzyme was passed through a Sephadex G-25 column in 100 mM potassium phosphate and 1 mM EDTA at pH 7.5 to remove the lactate.
Enzyme Assays. Initial rate assays were performed in 100 mM potassium phosphate, 5 mM EDTA, and 1 mM potassium ferricyanide at pH 7. 5 lactate were determined by end-point assay with wild-type flavocytochrome b 2 .
For pH studies, the buffers were 50 mM Bis-Tris at pH 5.5-7.0, 150 mM HEPES at pH 7.0-8.5, and 50 mM ethanolamine at pH 8.5-10.0. All assays were done in the presence of 1 mM potassium ferricyanide at 25°C. Solvent isotope effects were determined in 100 mM phosphate, 1 mM EDTA at pH 7.5 or pD 8.0, with 1 mM potassium ferricyanide at 25°C. Assays were initiated by the addition of 5 µL of enzyme in H 2 O to a final volume of 1 mL.
Rapid Reaction Kinetics. Rapid reaction kinetic measurements were performed with a Applied Photophysics SX.18MV stopped-flow spectrophotometer. Enzyme in 100 mM potassium phosphate and 1 mM EDTA at pH 7.5 was mixed with an equal volume of the same buffer containing 10 mM lactate at 25°C. Enzyme reduction was monitored at 438 nm.
Data Analysis. Kinetic data were analyzed using the programs KaleidaGraph (Adelbeck Software, Reading, PA) and Igor (Wavemetrics, Lake Oswego, OR). Initial rate data were fit to the Michaelis-Menten equation to obtain k cat , k cat /K lactate , and K lactate values. Primary deuterium and solvent isotope effects were calculated using eqs 1-3. Equation 1 describes separate isotope effects on the k cat and k cat /K lactate values; eq 2 describes an isotope effect on the k cat value only; and eq 3 describes an isotope effect on the k cat /K lactate value only. Here, F i is the fraction of heavy atom substitution in the substrate, E v is the isotope effect on the k cat value minus 1, and E vk is the isotope effect on the k cat /K lactate value minus 1. Stopped-flow traces were fit to eq 4, which describes a single-exponential decay: A is the absorbance at time t, A ∞ is the final absorbance, and k is the first-order rate constant.
Crystallization. Initial crystallization of H373Q flavocytochrome b 2 (7 mg mL -1 plus 50 mM pyruvate) was carried out at 18°C by vapor diffusion with the hanging drop method (32) using a sparse matrix kit (Crystal Screen I and II, Hampton Research, CA). Well-diffracting crystals were obtained in 4-8 days at 18°C from 4 µL hanging drops consisting of a 1:1 mixture of H373Q flavocytochrome b 2 and a crystallization buffer containing 100 mM sodium citrate at pH 4.6, 17% polyethylene glycol 3000, and 0.2 mM sucrose monolaurate.
Data Collection. Crystals mounted in cryo loops were flash-cooled in a N 2 stream (120 K) after brief soaks in 2 µL of the mother liquor plus 2 µL of 50% glycerol. The data from the H373Q crystals were recorded on Advanced Photon Source beam line 23ID using a CCD detector. The diffraction data were reduced using DENZO, and intensities were scaled with SCALEPACK (33). The reflections were indexed as primitive tetragonal (a ) b ) 163.68 Å, c ) 112.01 Å) with Laue symmetry 3m1. Examination of the integrated and scaled data indicated the trigonal space group P3 2 21. Solvent content calculations (34) indicated the presence of the homodimer in the asymmetric unit. The crystallographic data collection, statistics and refinement parameters are summarized in Table 1 .
Structure Determination and Refinement. The threedimensional structure of H373Q flavocytochrome b 2 complexed with pyruvate was solved by molecular replacement using EPMR (35) with the wild-type structure file 1FCB as the search model for the data extending from 25 to 3.5 Å. After model building and fitting, bias minimized electron density maps were obtained using the Shake and Warp protocol (36) . The refinement continued with structure factors measuring 1.0 sigma or better within the resolution range 30 to 2.8 Å to reduce the effects of poorly measured reflections. After repeated cycles of refinement and manual model building, water molecules were added to the structure using Xfit (37) . The final model consists of two protein molecules, subunit A and subunit B. Subunit A contains the ordered heme domain as well as the flavin domain. Subunit B shows no interpretable density for the heme domain; therefore, it has been omitted from the model. In both subunits, no electron density was observed for residues 298-317, suggesting that they are highly disordered.
RESULTS

Kinetic Characterization of H373Q FlaVocytochrome b 2 .
To determine the effects of mutating His373 flavocytochrome b 2 to glutamine, the steady-state kinetic parameters of the mutant protein were determined. The results of these analyses are summarized in Table 2 . Ferricyanide was used as the electron acceptor because lactate oxidation is rate-limiting with this substrate, unlike the situation with cytochrome c as substrate (1) . The mutant protein still has some activity as a lactate dehydrogenase, although there is a substantial decrease in activity compared to that of the wild-type enzyme. With the intact protein, the k cat /K m value for lactate is 48,000-fold lower than the wild-type value, while the k cat value is 12,000-fold lower. In addition, the K m values are altered slightly. The K m value for ferricyanide increases to 0.11 ( 0.01 mM (results not shown) from a reported value The complete reaction catalyzed by flavocytochrome b 2 includes lactate oxidation and electron-transfer steps. To determine if the effects of the mutation were due to a decrease in the rate constants for electron transfer from the flavin to the heme, the mutation was also incorporated into the isolated flavin domain of the enzyme. With this protein, electrons must be transferred directly from the reduced flavin to the exogenous electron acceptor rather than being passed through the bound cytochrome. The kinetic parameters for the flavin domain of the mutant protein are slightly higher than those of the intact protein (Table 2 ), but the k cat and k cat /K lactate values are still several thousand fold less than the wild-type values. Thus, the effects of the mutation are primarily in steps for lactate oxidation.
As a more direct measure of the effect of the mutation on the rate constant for lactate oxidation, the mutant enzyme was mixed with 5 mM lactate in the stopped-flow spectrophotometer in the absence of an electron acceptor. The resulting spectral change was monophasic, with the reduction of both the flavin and the heme occurring with the same rate constant of 0.15 ( 0.04 s -1 . This is a decrease of 3500-fold from the wild-type value of 520 s -1 (29) . Comparable results were obtained for the isolated flavin domain, with a rate constant for reduction by 5 mM lactate of 0.09 ( 0.02 s -1 . Thus, the effect of the mutation can be attributed to a substantial decrease in the rate constant for flavin reduction. The simultaneous reduction of both cofactors in the intact mutant protein is consistent with electron transfer from reduced flavin to heme being much more rapid than the reduction of the flavin by lactate.
With wild-type flavocytochrome b 2 , there is no solvent isotope effect on lactate oxidation, but there is a significant primary deuterium isotope effect (29) . This is consistent with the rapid and reversible removal of the hydroxyl proton followed by much slower cleavage of the carbon-hydrogen bond of lactate. If the role of His373 is to abstract the hydroxyl proton as shown in Figure 3 , there should be a significant solvent isotope effect in the mutant protein as this step becomes rate-limiting; the magnitude of the primary isotope effect may also be altered, depending on the relative magnitudes of the rate constants for OH and CH bond cleavage. Consequently, primary and solvent isotope effects were determined for H373Q flavocytochrome b 2 . Primary deuterium isotope effects were determined for both the intact mutant protein and for the flavin domain. In both cases, there was a slightly better fit of the data to eq 1, which applies for significant and nonidentical isotope effects on both the k cat and the k cat /K lactate values, than to either eq 2, which describes an effect on k cat only, or eq 3, which describes an effect on k cat /K lactate only. The resulting isotope effects on the k cat values are significantly smaller than the effects seen for the wild-type enzyme but still substantially greater than unity. The primary isotope effect on the k cat /K lactate value is also significantly smaller than the wild-type value. For both the intact protein and the flavin domain, the D (k cat /K lactate ) value is statistically only marginally greater than unity. However, when the data are analyzed using eq 2, which applies when there is only an isotope effect on the k cat value, the resulting 2 values are slightly larger than is the case with eq 1.
Prior to measurement of the solvent isotope effects, the pH dependence of the k cat and k cat /K lactate values of the mutant protein were determined. Both kinetic parameters are independent of pH over the pH range 5.5-10 (results not shown). Solvent isotope effects were then determined at pH 7. With wild-type flavocytochrome b 2 , there is a small solvent isotope effect on the k cat value due to effects on the oxidative halfreaction and a slightly inverse effect on the k cat /K lactate value, attributed to a conformational change (29) . In contrast, H373Q flavocytochrome b 2 exhibits no significant solvent isotope effect on the k cat value and a very small normal effect on the k cat /K lactate value (Table 2) . Taken together, the isotope effects suggest that both hydrogen abstraction steps have become less rate-limiting in the mutant protein.
Structural Characterization of H373Q FlaVocytochrome b 2 . To obtain further insight into the effects of the mutation on the properties of the enzyme, the crystal structure of H373Q flavocytochrome b 2 was determined at 2.8 Å. The two subunits in the asymmetric unit are not equivalent in the structure of the mutant protein.
The electron density map clearly shows the absence of the heme domain in subunit B and the presence of bound pyruvate at the active site of subunit B only ( Figure 4A ). This asymmetry is also observed in structures of the wild-type enzyme (9, 39) . The mutation of His373 to glutamine does not result in any change in the overall protein structure from that seen for the wild-type enzyme. The mutant protein shows the largest divergence from the wild-type structure for residues 292-298 and 317-324 (rmsd 1.78 and 1.70 Å, respectively), residues adjacent to a surface loop that is not seen in any available structure, and residues 100-114 of subunit B, which connect to the missing heme domain in that subunit. Figure 4 compares the active site chain B of H373Q flavocytochrome b 2 with that of the wild-type enzyme, whereas Figure 5 illustrates the interactions between the active site of the mutant protein and the bound pyruvate. Omit electron density (36) maps of the mutant protein show clear electron density for the side chain of Gln373 in the mutant protein. The glutaminyl side chain of the mutant protein overlaps with the side chain of His373 in the wildtype enzyme ( Figure 4B) . However, the heteroatoms of the side chains of the glutamine in the mutant protein are twisted by 90°relative to the imidazole nitrogens in His373, and this results in altered interactions with Asp282 and pyruvate. In the mutant enzyme, the distance from the glutaminyl side chain to OD1 in Asp282 is comparable to the distance to the histidinyl side chain in the wild-type protein at 2.6 Å. In contrast, the distance to OD2 in Asp282 has increased from 3.5 Å in the wild-type enzyme to 4.1 Å in the mutant protein due to the different relative positions of the heteroatoms in the histidinyl and glutaminyl side chains ( Figure 5 ). In addition, in the wild-type enzyme, the NE2 of His373 is 2.9 Å from the carbonyl oxygen of pyruvate and 3.2 Å from one of the pyruvate carboxylate oxygens; in the mutant enzyme, the corresponding atom of the glutaminyl side chain is closer to the pyruvate carboxylate oxygen (2.8 Å) than the carbonyl (3.1 Å) (Figure 1) . The different positions of the heteroatoms involved in this interaction in the wild-type and mutant proteins shift the pyruvate 0.7 Å relative to its position in the wild-type enzyme. The pyruvate is also twisted in the mutant enzyme relative to its position in the wild-type protein so that the interactions of the carboxylate with Arg376 and Tyr143 are altered, even though the positions of these residues are not ( Figure 4C ). In the wildtype enzyme, pyruvate CO1 interacts with the NE of Arg376, while CO2 interacts with Arg376 NH2 and the phenolic oxygen of Tyr143 (Figure 1 ). The interaction of Arg376 with Tyr143 is only slightly longer in the mutant enzyme, but the distance from the pyruvate carboxylate CO2 to Arg376 has increased from 3.0 to 4.7 Å so that the primary interaction of this oxygen is now with Tyr143 ( Figure 5 ).
More dramatic changes are seen in the positions of other active site residues in the mutant protein, most notably Arg289, Leu286, and Asp292 ( Figure 4C ). In the wild-type structure, NE of Arg289 is too far from the pyruvate The residues and pyruvate (PYR) with carbons in cyan represent the wild-type enzyme structure, whereas the carbon atoms for the mutant structure are in gray. The wild-type enzyme structure is from pdb file 1KBI (39). carboxylate for an electrostatic interaction; in contrast, in the mutant protein, the position of the side chain of Arg289 has shifted by 2 Å so that NE of Arg289 is close enough (3.8 Å) to exert some electrostatic influence on the pyruvate carboxylate CO2. This movement of Arg289 also results in a displacement of the side chain of Leu286 by over 2 Å. Finally, in the wild-type structure, the guanidinium nitrogens of Arg289 are at appropriate distances (2.8 and 3.4 Å) from the carboxylate oxygens of Asp292 for ionic interactions (Figure 1 ). In H373Q flavocytochrome b 2 , both NH1 and NH2 of Arg289 are farther from the carboxylate oxygens of Asp292, 3.4 and 5.4 Å, respectively, so that only one oxygen of Asp292 is close enough to interact ( Figure 5) . As a result, the electropotential surface of the active site is altered so that the acidic charge of Asp 292 is neutralized by Arg289 in the wild-type enzyme but not in the mutant protein ( Figure 6 ).
Similar changes are seen in the active site of chain A, although there is no pyruvate in the active site in this case. The glutamine at position 373 occupies the same position as His 373 of the wild-type enzyme, as does Asp282. As is the case in subunit B, the side chains of Leu286, Arg289, and Asp292 are displaced. As a result, the interactions of Arg289 with both Asp292 and Arg376 are also weaker in this subunit.
DISCUSSION
The effects of the mutation of His373 to glutamine are fully consistent with this residue having an important role in the flavocytochrome b 2 reaction. Both the k cat and k cat / K lactate values decrease by 3 to 4 orders of magnitude, in line with the expectations for the mutation of an active site base. The steady-state kinetic properties of the intact enzyme with ferricyanide as the electron acceptor agree with a previous study of this mutant by Gaume et al. (16) . However, the additional kinetic data presented here do not support the previous conclusion that the residual activity seen with preparations of the mutant protein is due to small amounts of the wild-type enzyme produced by ribosomal incorporation of histidine at position 373. If that were the case, the isotope effects on the mutant enzyme would be identical to those on the wild-type enzyme, and the rate constant for flavin reduction would not show a similar decrease. Instead, the kinetic parameters in Table 2 directly reflect the effects of the mutation on the enzyme. The kinetic data establish that mutation of His373 to glutamine primarily alters flavin reduction. The effects of the mutation on the intact protein are mirrored in the effects on the isolated flavin domain, for which the k cat value clearly does not include electron transfer to the heme. Even more explicitly, the decrease of 3,500-fold in the rate constant for flavin reduction measured in single-turnover analyses directly identifies the decrease in this kinetic parameter as the critical effect of the mutation.
Although there has been substantial controversy regarding the mechanism of lactate oxidation by flavocytochrome b 2 and the other flavoprotein hydroxy acid oxidases (22, 24) , the mechanism shown in Figure 3 accommodates the vast majority of kinetic and structural studies to date. Here, the role of His373 is to abstract the lactate hydroxyl proton prior to hydride transfer; the negative charge that develops on the oxygen is stabilized by Tyr254. The effects of mutating Tyr254 to phenylalanine (19) provide a benchmark for the expected effects of mutating His373. In the Y254F enzyme, the rate constant for flavin reduction decreases 35-fold. More informatively, in terms of insight into the catalytic details, that mutant enzyme exhibits a primary deuterium isotope effect on k cat of 4.5 and a solvent isotope effect of 1.4, whereas there is no effect of D 2 O on flavin reduction in the wild-type enzyme (19) . These results were previously interpreted as resulting from a change in mechanism in the mutant enzyme to a more synchronous cleavage of the OH and CH bonds, as the loss of the interaction stabilizing the alkoxide results in a delay in OH bond cleavage until hydride transfer is initiated. Mutagenesis of the base responsible for abstracting the lactate hydroxyl proton would be anticipated to qualitatively have the same effect on the reaction, in that loss of the lactate hydroxyl proton would not occur until the decreasing electron density at the R carbon due to transfer of the hydride sufficiently decreased the pK a of the oxygen for deprotonation to occur in the absence of the histidine. This synchronous cleavage of the two bonds should be reflected in solvent and primary kinetic isotope effects with values close to those seen with the Y254F enzyme. Indeed, this is the result upon mutagenesis of the histidine in choline oxidase, which abstracts the substrate hydroxyl proton prior to hydride transfer (40) . However, the isotope effects summarized in Table 2 do not agree with this prediction. The primary isotope effects on both the intact mutant protein and on the flavin domain are significantly smaller than the wild-type values, whereas the solvent isotope effects are very close to unity. The isotope effects suggest that the greatest effect of the mutation is not on a bond cleavage step. The structure of the mutant enzyme provides an explanation for the altered activity. Although the glutamine occupies the same space in the mutant protein that the histidine does in the wild-type enzyme, the mutation has significant effects on the active site structure. The binding of pyruvate is altered in the mutant protein, suggesting that the binding of the substrate lactate is also altered. The mutation results in a change in the interaction between Asp282 and the glutamine at position 373 that is propagated down the polypeptide backbone such that several active site residues have altered positions in the mutant protein. Of the residues showing altered positions in the mutant protein, Arg289 is probably the most critical. This residue is conserved throughout the family of flavoproteins that oxidize R-hydroxy acids. The side chain of Arg289 interacts with that of Arg376, the key residue for binding the carboxylate of the substrate (21) . The conservative mutation of Arg289 to lysine has been described previously and provides a measure of the effect on activity that any change in this residue will have. The R289K mutation results in a decrease in the k cat value of about 30-fold and a decrease in the k cat /K lactate value of about 90-fold. On the basis of the structure of the mutant, the decrease in activity in the mutant protein was attributed to altered electrostatic interactions in the active site (21). The H373Q enzyme described here also shows altered electrostatics in the active site ( Figure 6) .
A straightforward explanation activity of the H373Q enzyme is that there are two contributions to the decrease in activity. The mutation of the activity site base that removes the hydroxyl proton would be expected to decrease the rate constant for lactate oxidation by 1 to 2 orders of magnitude, on the basis of the properties of the Y254F enzyme. The altered binding of the substrate and the altered electrostatics in the active site result in a further decrease in activity. However, the kinetic data are not compatible with the minimal model in which these changes simply result in a decreased rate constant for lactate oxidation. In such a case, this step would become rate-limiting, resulting in expression of the intrinsic isotope effects for CH and OH bond cleavage. Instead, the primary and solvent isotope effects are much smaller than those seen with the Y254F enzyme. The data can be explained by a model in which the binding mode seen in the structure is not the reactive form. Instead, the substrate binds to this unreactive form, and a conformational change is required to yield a reactive conformation. This introduces an internal commitment that suppresses the isotope effect. The rate constant for the reversal of the conformational change must be at least 10-fold faster than CH bond cleavage to decrease the D (k cat /K m ) from the intrinsic value of 5 to the observed value. Similarly, the forward rate constant for the conformational change must be about 7-fold slower than CH bond cleavage to reduce the D k cat value of the flavin domain to 1.5. H373Q flavocytochrome b 2 thus provides an example of a mutation in which the structural effects of the mutation on catalysis are comparable to the effects on chemical steps. This observation raises the possibility that the larger effects of mutating this residue in other members of this family of flavoproteins are due primarily to structural perturbations.
